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jiDKEWOKD 

This  i-(jport  tjuminai-izes  tii»-  Ltn-ory  and  data  which  haa  been  com¬ 
piled  to  date  Lin  the  rain  eroaion  reaiatance  of  ?Anc  Sulfide,  Zinc 
Selenide  and  Gaiiimn  Arsenide.  In  addition,  it  formulates  a  method 
by  wiiich  tlie  usefulness  of  these  and  other  Hi  materials  in  opera¬ 
tional  systems  can  be  predicted.  —  >  vi-/ 

This  information  should  prove  useful  to  managers  and  engineers 
I'articipating  in  tiie  development  of  ai  rij(u  ne  systems  requiring  an 
infrared  wii.dow.  Due  to  tiie  vast  numljer  of  possible  combinations 
of  conditions,  configurations  and  material  properties,  it  is 
probable  that  a  simple  answer  to  tiie  question  of  rain  erosion 
resistanL'e  for  a  fiarticular  circuirist.aiK-e  will  not  be  found  in  this 
report.  However,  ttie  report-  does  provide  a  guideline  by  which  a 
‘■reJible  answi-r  to  t.'.is  question  can  be  obtained  through  a  modest 
amoutit  of  testing  and  analysis. 

This  report  was  prepared  by  Douglas  '.1,  Am  Lin  of  the  Photo¬ 
graphic  Branch,  Mission  Avionics  Division,  l.i r-ctorate  of  Avionics 
Engineering,  Deputy  for  Engineering,  Dright-Pattei-son  AFB,  Ohio. 

The  auttior's  conclusions  are  based  on  the  references  cited  herein 
and  numerous  conversations  with  individuals  familiar  with  this 
subject;  namely:  Messi’s.  T.  Peterson  and  D.  Fischer,  Air  Force 
Materials  Laboiatory;  Major  H.  Rust,  AGD/AERS;  Mr.  D.  Mathews, 
**950/FFAE;  Mr.  P.  Miles,  Raytneon  Company;  Mr.  J.  Kurdock,  Perkin- 
Elmer  Company;  Messrs.  J.  Ntyers  and  L.  McCrumm,  Ford  Aerospace 
and  Cumniuni Cat  Ions  Corporation;  Messrs.  R.  Vantrease  and  G.  Snellen, 
AGD/1;N/vMC. 
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I  -  INTRODUCTION 


~  A  review  of  uva i lahle  test  data  and  theoretical  analyses  leads 
to  tile  formuJ at  ion  of  a  method  for  predicting  the  rain  erosion  re¬ 
sistance  of  infrared  window  materials.  Mathematical  modeling  of 
rain  drop  iniiaci.  pheno:;iena  is  used  to  provide  a  prediction  of  maxi- 
muni  tensile  stress  in  any  material  as  a  function  of  impact  angle, 
drop  size  and  velocity.  Iiicuhation  time  is  tiien  estimated  as  a 
function  of  rain  rate  by  correlation  of  test  data  with  stress  pre¬ 
dictions.  Computation:;  are  completed  and  results  presented  for  the 
Pave  Tack  Zinc  Gulfide  window.  More  experimental  data  is  necessary 
before  predictions  can  be  made  for  Gallium  Arsenide  and  Zinc 


Selenide  windows. 


II  -  BACKOROUND 


The  use  of  airborne  forward  looking  infrared  imaging  (FLIR) 
systems  is  limited  by  the  availability  of  an  infrared  transmitting 
window  to  act  as  a  barrier  between  the  FLIR  and  the  dynamic  environ¬ 
ment  of  the  aircraft.  Infrared  window  materials  generally  have  un¬ 
desirable  physical  properties,  one  of  which  is  resistance  to  rain 
erosion.  Only  a  few  materials  are  currently  being  considered  for 
FLIR's  operating  in  the  B  to  12  micron  wavelength  region.  Zinc 
Sulfide  is  generally  accepted  as  the  best  of  these  materials  for 
FLIR  window  application,  although  its  optical  transmission  is  not 
Ideal.  Pave  Tack,  a  laser  target  designator  FLIR  system  for  F-k/ 
F-111,  is  scheduled  for  production  through  1902  utilizing  a  large 
Zinc  Sulfide  window.  The  theory  and  data  which  has  been  compiled 
to  date  on  the  rain  erosion  resistance  of  Zinc  Sulfide  (ZnS),  Zinc 
Selenide  (ZnSe)  and  Gallium  Arsenide  (GaAs)  are  summarized  here  with 
particular  emphasis  on  application  to  the  Pave  Tack  system. 

The  following  information  has  been  compiled  during  the  last 
five  years  by  AFMI.,  AFAL,  ASD  and  several  contractors. 

A,  Laboratory  Testing  -  Laboratory  rain  erosion  tests  have 
been  conducted  by  AFML  using  a  rotating  arm  apparatus.  Standard 
conditions  for  the  tests  were; 

1.  One  inch/hour  rainfall 

2.  1.8  mm  drop  diameter 
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j,  fo  lll'il  vi-MiK-iLy  fulco  5Y5  MPH) 

li .  '(’M“  iini.HOt.  ancili?  (  I  ?“  from  jx-;  j.oijii  i  raJar ) 

(al;  o  an^;;li  ) 

The  three  pritwiry  .  and  i  dates  for  in  ^  to  i'‘  micr  jii  FI,1I<  window 
(ZitiC  Sulfide,  '/.aS;  Zinc  Selenide,  '/.nSet  and  GaJJiujn  Arsenide,  GaAs) 
wei'e  subjected  to  variou.:  dui'at ionr;  of  rainfal  i.  The  results  of  un- 
coated  samples  show  that  ZnS  is  s i pni f leant  1 y  superior  to  CaAs, 
which  is  slightly  superior  to  ZnCe. 

Anti-reflection  (Ah)  coated  sanipies  of  each  of  these 
materials  were  subjected  to  the  same  iain  erosion  test.  Results 
have  ranged  from  immediate  loss  of  coating  to  adherence  of  the 
coating  beyond  the  limits  of  the  substrate.  Both  ZnS  and  ZnSe 
initially  developed  intn-rnal  fractures  with  only  a  minor  disruption 
of  the  .';urfa.-'e.  'Z.iver.-a.ly ,  OaAs  develops  surface  damage  wliich  is 
nucleated  at  pre-existing  surfae  ?  scrat elrts, .  Although  GaAs  is  rela¬ 
tively  naj'd,  erosion  damage  progresses  rapidly  due  to  its  large  gain 
si„e.  Fractures  occur  ly  cleavage  along  preferred  crystallographic 
planes  producing  long  straight  cracks  on  the  surface. 

A  mathematical  model  of  raindrop  impact  phenomena  has  been 
formulated  by  Beil  Aerospace  and  used  to  generate  computer  predic¬ 
tions  of  transient  stresses  induced  in  selected  window  materials  for 
single  drop  imjjacts.  Stresses  were  calculated  for  drop  diameters  of 
0.7,  and  S.5  irirn  and  impact  velocities  of  730  and  1120  ft/'sec. 

d 


These  conditions  have  been  duplicated  in  experiments  and  the  results 
indicate  that  the  analytical  model  provides  a  reasonable  represen¬ 
tation  of  the  drop  impact  process. 

Kecent  testing  (November  1977)  by  Bell  Aerospace  Textron 
under  contract  to  AFML  has  Investigated  the  effect  of  impact  angle 
of  single  raindrops  on  homogeneous  materials.  ZnSe  specimens  were 
tilted  at  angles  of  6o°,  145°  and  30°  to  2  mm  raindrops  impinging  at 
500  MPH.  A  small  amount  of  damage  occurred  at  but  no  damage 

occurred  at  30°.  Tests  at  60°  produced  obvious  damage  and  previous 
tests  at  90°  produced  a  large  amoxmt  of  damage. 

B.  Flight  Testing  -  A  limited  amount  of  flight  time  has  been 
accumulated  on  various  infrared  windows  made  of  ZnS,  ZnSe  and  GaAs. 

Texas  Iristruraents  (TI)  has  flown  samples  of  uncoated  and 
coated  germanium  (Oe)  and  OaAs  side-by-side  for  over  8OO  hours 
flight  time.  Tests  were  aboard  a  Lear  Jet  which  encountered  a 
variety  of  atmospheric  conditions  during  the  testing  period.  The 
resilts  indicate  that  the  GaAs  is  superior  to  Ge  in  long  term  dura¬ 
bility.  The  real  significance  of  this  test  is  based  on  the  fact 
that  forward  looking  Ge  windows  have  been  used  successfully  on  B-52s 
since  I969. 

No  instances  of  ZnS  or  ZnSe  forward  looking  windows  being 
flown  through  rain  have  been  recorded  prior  to  November  1977.  It  is 
suspected,  however,  that  ZnS  windows  were  inadvertently  flown  through 
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rain  during'  ''li'.'ht,  (■•nLirn'  (d’  t.l'i-  l'av«,-  [x.ii.  In  July  I'/ff 

Window  9C  w.-i;;  di-tt-rm  i  iit-d  to  liav  diuiin/'.-  t,.;  it,.;  /',!•  nimiiar 

to  ooatinp;  dtiTjai'e  .d"  1  I'liii  in  tli'-  1  a(/<  n’/i  I  <  <fy  rain  eronion 

test  by  Al'MI,.  11  wn:;  Intt-r  did  i.-rm  i  tied  tli'il.  ikj  rain  eiosion  damaf'e 
ooourf'M  in  ttie  '/.n!i  ..lu:' i  rnl.i-  uC  Window  'JC . 

liurin^'i  rbi7i-iiber  1','YY  lii:;iLt,-d  fji,''d  ti-sLinf>;  of  uncouted  h 
inches  x  o  inches  sainpies  of  '/.no  and  GaAs  in  rain  was  completed,  Tiie 
samples  were  momited  atop  a  'J'-j9  aircrai’t  at  from  the  line-of- flight . 

Fiigtits  were  coii'iucted  at  I(o0  Midi  i  broupb  '.ne  to  two  inches/hour 
of  water  sprayed  l'r(jni  a  KC-l.i9  tanker  and  at  dOO  Ml-’H  through  natural 
rain.  Flight  time  was  jO  minutes  ana  MO  minutes,  respectively.  Uo 
damage  to  the  stimple;-.  occ  urred.  I’he  flow  I'ield  surrounding  the  sam¬ 
ples  for  this,  configuration  i;;  not  precir.ely  i.n<jwii.  It  is  known 
that  drop  diameter  for  water  sprayed  friim  the  tanker  is  small. 

f.  Coating  Impr(.ivements  -  The  rain  erosion  resistance  of  the 
window  substrate  is  of  little  importance  in  a  FUR  application  if 
its  anti-reflection  coating  is  easiiy  ej-oded  away.  Early  TR  windows 
of  geriuauiun  had  coatings  which  survived  up  to  the  limits  of  the  Cle; 
however,  initial  latoruiory  testing  of  AR  coated  ZnS  and  ZnSe  indi¬ 
cated  this  was  not  the  case  for  these  materials. 

Concurrent  to  the  faln’ication  and  coating  of  the  first 
Pave  Tack  windows,  effort;;  were  underway  to  improve  the  durability 
of  AR  coatings  for  botli  ZnC>  and  GaAs.  Res\ilts  of  an  AF’ML  contract 


with  Honeywell  and  independent  research  by  Perkin-Eiirier  and  Optical 
Coating  Labs,  Inc.  indicate  that  AR  coatings  for  ZnO  are  now  avail¬ 
able  which  will  withstand  exposure  to  rain  up  to  the  normal  limits 
of  the  substrate  material.  Continuing  work  at  Perkin-Klmer  under 
AFMl.  contract  should  result  in  the  application  of  an  erosion  re¬ 
sistant  coating  to  a  Pave  Tack  window  which  will  then  be  available 
for  flight  test, 

D.  Window  Handling  Durability  -  Four  Pave  Tack  ZnS  windows 
have  been  refurbished  to  date  due  to  surface  damage  incurred  during 
flight  testing.  Some  of  these  windows  are  suspected  to  have  been 
exposed  to  rain,  but  none  have  shown  substrate  damage  character¬ 
istic  of  raindrop  impact.  Damage  apparently  resulted  from  improper 
handling  and/or  solid  particle  abrasion.  There  is  little  reason  to 
hope  that  this  type  of  damage  can  be  reduced  by  improvements  of  the 
window  substrate  or  coating.  It  is  likely  that  similar  damage 
would  occur  if  tlie  window  material  was  ZnSe  or  GaAs,  even  though 
ZnSe  is  sofcer  and  GaAs  harder.  None  of  these  materials  will  toler¬ 
ate  being  gouged  by  a  screwdriver  or  being  impacted  by  hard  particles 
(insects,  dust,  ice).  All  will  withstand  normal  handling  and 


cleaning  procedures. 
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III  -  anai.y:;i8  of  vahiables 


A  better  undei'stainiing  of  the  variables  alTectiag  rain  erosion 
can  be  formulated  from  a  thorough  examination  ol'  the  data  outlined 
thus  far  in  this  report. 

A.  Effect,  of  Impact  Angie  -  It  has  become  generally  accepted 
that  ZnS  can  withstand  a  one  inch/hour  rainfall,  1.8  mm  drop  size, 

U70  MPH  velocity,  at  78®  impact  angle  for  approximately  20  minutes 
before  significant*  sub-surface  cracking  of  the  material  is  visible 
with  tlie  unaided  eye.  There  are  no  present  or  planned  operational 
systems  which  utilize  a  window  which  is  at  or  near  perpendicular  to 
the  airstream  (except  for  the  apex  of  domes).  Therefore,  it  is 
important  to  extrapolate  this  data  point  to  other  impact  angles. 

Some  testing  by  AFML  is  now  tinderway  to  validate  any  such 
extrapolation. 

It  seems  reasonable  that  velocity  multiplied  by  the  sine 
of  the  impact  angle  0  can  be  used  to  estimate  the  effective  impact 
velocity  of  the  material  installed  in  an  operational  configuration. 
Thus,  for  a  ZnS  window  Installed  at  1*5°  from  the  line-of-flight ,  the 
effective  impact  velocity  at  1*70  MPH  is  sin  1*5®  =  332  MPH. 

Similarly,  for  a  ZnS  window  installed  at  1+5°  from  the  line- 

of-flight,  the  required  velocity  for  comparison  to  the  20  minute, 

one  inch/hour  rainfall  test  at  1*70  MPH  can  be  estimated  as 

V„oo  =  sin  78°  =  65O  MPH. 

sin  1*5° 
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•  See  Footnote,  page  9. 


B.  Effet;t  of  VeJoclty  -  It  has  been  determined  by  bell  Aero¬ 
space  that  peak  stresses  in  the  surface  of  a  material  subjected  to 
rain  are  approximately  proportional  to  the  velocity  of  the  impact 
squared.  Bell  Aerospace  has  also  calculated  peak  tensile  stress 
for  a  2.0  nun  drop  impacting  at  730  feet/second  (500  MPH)  for  several 
IR  window  materials.  This  value  is  28,1(00  PSI  for  ZnS.  Thus,  peak 
stress  in  ZnS  for  a  different  velocity  can  be  estimated  as 

o  =  stress  28,1(00  PSI. 

max  max  \730y 

C.  Effect  of  Drop  Size  -  In  an  analysis  by  Bell  Aerospace 
similar  to  that  for  velocity,  it  has  been  determined  that  peak 
tensile  stress  at  730  feet/second  (500  MPH)  is  proportional  to  drop 
diameter  raised  to  the  0,55  power.  This  exponent  appears  to  be  a 
mild  function  of  velocity  since  it  changes  to  0.7  at  1120  feet/ 
second.  Thus,  peak  stress  due  to  impact  for  drop  size  "D”  mm  which 
is  different  from  2.0  mm  can  be  estimated  by  multiplication  of  o  by 

/'dV55 

the  quantityr^-^y  ,  orl^^l  for  velocities  closer  to  the  speed 
of  sound. 

D.  Effect  of  Rainfall  Rate  -  A  change  in  the  rainfall  rate  to 
other  than  the  standard  one  inch/hour  can  be  interpreted  as  a  change 
in  the  number  of  impacts  per  hour  for  any  given  velocity.  Incuba¬ 
tion  time  (time  of  exposure  prior  to  physical  damage)  is  logically 
Inversely  proportional  to  number  of  impacts.  Thus,  the  incubation 
time  for  rain  rates  other  than  one  inch/hour  can  be  scaled  accord- 

8 
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incubuLion  time  at 
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ia«ly  u;i  1.  ,,  o 

ino.H 

rain  rate  R,  and 


TT  ^  im.'  ,1 


wtn-rij  t 

me  ,1< 

incubation  time  at  (jiie  inch/hour. 


Footnote : 

Some  damage  may  be  visible  after  only  five  minutes.  "Significant" 
is  used  in  a  qualitative  sense  in  that  a  window  with  this  much 
damage  would  be  easily  recognized.  A  quantitative  means  of 
assessing  damage  is  difficult  to  apply.  Loss  of  transmission  of 
radiation  in  tlie  irifrured  is  measurable  but  ratiier  insensitive  due 
to  the  Sv'iattering  rather  than  tiie  absorbing  nature  of  the  damage 
sites.  A  practical  melliod  of  describing  the  amount  of  damage  is  to 
simply  estimate  the  ptu’centage  ol'  the  surface  area  which  is  appar¬ 
ently  affected  (crackea,  frosted,  pitted,  etc.).  In  this  case, 
"significant"  implies  approximately  .'’5  percent  of  the  sample  area 
appears  obscured  by  cracks. 
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IV  -  CONCLUSIONS 


Application  of  this  data  to  systems  such  as  Pave  Tack  is 
possible  after  combination  of  the  variables  into  usable  expressions. 

A.  Combination  of  Variables  -  The  effects  of  impact  angle, 

velocity  and  drop  size  can  be  combined  into  one  equation  lor  the 

prediction  of  maximum  tensile  stress  due  to  rain  impact  in  an 

operational  system.  The  maximxim  tensile  stress  along  with  rain 

rate  can,  in  turn,  be  used  to  estimate  the  life  of  the  window 

under  those  conditions.  Using  the  symbols 

G  =  impact  angle 

V  =  velocity  of  aircraft  (MPH) 

D  =  diameter  of  raindrops  (mm) 

0  =  tensile  stress  due  to  impact 

°mat  *  tensile  stress  calculated  for  standard 
conditions  for  the  material  in  question 
(ZnS,  ZnSe  or  GaAs) 

The  equation  becomes 


0  = 


(1) 


where 


°ZnS  =  28,400  PSI 
°ZnSe  =  33 ,100  PSI 
®GaAs  =  29,000  PSI 


Once  a  value  of  o  is  calculated,  it  can  be  compared  to 
values  of  a  for  known  situations.  For  Instance,  the  standard 
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condiLiotii;  t'ur  mult.ioit'  drop  impact  te;>ti3  at  Al'T^l.  (l.i'  min  drop  size 


liTO  mdl,  one  iiicli/lu'ur ,  impact  angle)  produce 

damage  to  Ziio  after  i’O  minutes.  'I'h^  value  of  o  (’■ 
i  s 


i  ('ll i  f  leant  visible 
u'  tliis  situation 


'JliJiOO 


or 


o  =  P2,»li0  rf.i. 

Thus,  any  combination  of  0,  V  and  D  result.ing  in  o  less  than 
l'2,RiiO  I'SI  sliouid  result*  in  little  or  no  significant  erosion  in  a 
ZnS  window  for  .'0  minutes  of  exposure  to  one  inch/houi  rainfall. 

Tills  metliod  of  analysis  has  obvious  limitations.  A  value 
of  0  liigiicr  or  lower  ttian  r’.'',8lt(i  PSI  is  difficult  to  extrapolate  +<■ 
a  longer  or  siioidei-  incubation  time  be<-ause  the  failure  mechanism 
of  the  material  may  i.e  different  for  sign  J  I'icantly  higher  or  lower 
stress.  For  lalues  of  o  low.-r  tl.an  tiie  incubation  time 

could  Ije  much  longer  tlian  tlie  stundara  .;0  minutes.  No  conclusive 
test  data  is  available  on  this  point;  however,  imubation  time 
fur  a  variety  of  IR  materials  has  been  estimated  to  be  inversely 
proportional  to  velociiy  to  the  li.u  -  7.0  power  (G.  Hoff  and 
li.  Rieger,  1971').  The  value  of  this  exponent  must  be  experimentally 
determined  foi-  eadi  material  of  inte-rest.  It  is  certain,  however, 
tnat  Incubation  time  decreast^s  rapidly  as  velocity  increases. 


Extremely  limited  data  on  ZnS  from  AFML  indicates  that  the 
state  of  erosion  after  30  minutes  at  *<70  MPH  is  comparable  to  the 
state  after  5  minutes  at  575  MPH.  The  exponent  for  incubation  time 
can  be  calculated  from  these  data  points  as  approximately  8,0.  Using 
this  information  along  with  the  previously  calculated  o  for  1*70  MPH 
and  the  expression  for  o  as  a  function  of  velocity,  an  expression 
for  incubation  time  can  be  formulated  as 


t. 

me 


=  20 

TT 


(2) 


where 


t.  =  incubation  time  in  minutes 
me 

o  =  stress  in  PSI  calculated  for  the 
appropriate  conditions 

R  *  rain  rate  in  inches/hour 

Furthermore,  an  expression  for  estimating  the  fraction  of  the  life 
of  a  window  which  has  expired  as  a  result  of  exposure  to  a  variety 
of  conditions  can  be  formulated  in  terms  of  o  for  each  condition  as 


where 


P  =  fraction  of  life  used 
life 

N  =  number  of  different  combinations  of  R 
and  o  encountered 

t  *  time  of  exposure  in  minutes  at  condition 
n 
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B.  The  Pave  Tack  Problem  -  It  is  now  possible  to  better  assess 


i 

0 

0 

0 

0 

0 

0 

0 


the  ability  of  an  IR  system  to  withstand  rain  damage  in  an  airborne 
environment  if  sufficient  data  on  the  window  material  exists.  Since 
the  Pave  Tack  System  is  of  current  interest,  the  Pave  Tack  ZnS 
window  has  been  chosen  here  as  an  example. 

Application  of  equations  (l)  and  (2)  to  the  Pave  Tack 
configuration  (ZnS  window,  U5°  impact  angle)  results  in  Figures  1 
and  2.  In  Figure  1  maximum  tensile  stress  is  plotted  against 
velocity  for  several  sizes  of  raindrops.  Figure  2  illustrates  the 
variation  of  incubation  time  as  a  function  of  maximum  tensile  stress. 
Consider,  for  example,  a  velocity  of  700  MPH  and  1.6  mm  drop  size. 
Figure  1  shows  a  maximum  tensile  strength  of  26,000  PSI  results 
from  the  droplet  impact.  For  this  stress  at  a  one  inch/hour  rain 
rate.  Figure  2  shows  that  incubation  time  is  approximately  twelve 
(12)  minutes. 

Several  additional  points  must  be  kept  in  mind  when  trying 
to  make  accurate  predictions  for  Pave  Tack.  First  of  all,  the  im¬ 
pact  angle  fcr  Pave  Tack  is  always  less  than  45°.  This  is  due  to 
the  nose  of  the  pod  (forebody)  causing  the  free  stream  flow  field 
to  deviate  drastically  in  the  vicinity  of  the  window.  Also,  the 
highest  angle  of  impact  (whatever  it  may  be)  is  only  realized  when 
the  turret  is  in  its  forward  looking  position;  i.e.,  not  slewed  to 
any  other  point  in  the  lower  hemisphere.  A  second  point  to  consider 
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FIGURE  1 

MAXIMUM  TENSILE  STRESS  VERSUS  VELOCITY 
FOR  IMPACT  BY  RAINDROPS  OF  VARIOUS 
DIAMETERS  (PAVE  TACK  SYSTEM) 
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0,66  inch/hour 


FIGURE  2 


INCUBATION  TIME  VERSUS  MAXIMUM 
TENSILE  STRESS  FOR  A  ZNS  WINDOW 


is  that  any  natural  rainfall  usually  contains  an  undefiru-d  distri¬ 
bution  of  drop  sizes  failing  at  an  undefined  instantaneous  rate. 
Equation  (i)  can  be  used  to  account  for  these  variables  to  tiie  ex¬ 
tent  that  they  are  known  or  can  be  estimated.  Lastly,  the  extent  of 
operation  of  Pave  Tuck  in  rain  must  be  considered.  Heavy  rain  is 
usually  encountered  at  fairly  low  altitudes  where  airspeeds  are 
routinely  lower  in  proportion  to  the  severity  of  the  rain.  High 
speeds  are  usually  for  short  durations.  The  amount  of  time  Pave 
Tack  is  operated  in  rain  is  ninimal  due  to  factors  other  than  rain 
erosion;  i.e.,  poor  transmission  of  IR  energy  through  high  humidity. 

C.  Other  Applications  -  Application  of  this  estimation  tech¬ 
nique  to  other  systems  can  be  made  provided  impact  angle  can  be 
determined  and  data  is  available  on  the  IR  material  to  be  used.  The 
data  presented  tlms  far  on  ZnS  needs  to  be  substantiated  by  more 
testing  and  further  refinement  of  analytical  techniques.  Data 
available  on  GaAs  and  'ZnSe  is  very  limited  but  is  gradually  being 
compiled  under  continuing  work  by  AFML. 

An  interesting  calculation  can  be  made  based  on  some  ex¬ 
perimental  work  with  ZnSe.  It  has  been  shown  that  for  a  single 
2.0  mm  drop,  90°  impact  at  *<00  feet/second  there  is  no  evidence  (by 
microscopic  examination)  of  damage  to  ZnSe.  In  fact,  the  threshold 
impact  velocity  for  ZnSe  may  be  closer  to  500  feet/second.  Using 
the  calculated  (Bell  Aerospace)  value  of  31,100  PSI  for  the  maximum 
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tensile  stress  at  500  MPH  Tor  ZnSe,  the  maximum  tensile  stress  at 
UOO  feet/second  is  i^211  PSI.  This  stress  level  is  approximately 
22$  higher  than  the  flexural  strength  of  ZnSe  (7500  PSI).  Notably, 
the  maximum  tensile  stress  in  ZnS  for  the  U70  MPH,  1.8  mm,  78°  im¬ 
pact  angle  test  is  22,840  PSI,  which  is  27?  greater  thaun  the  flexural 
strength  of  ZnS  (l8,000  PSi).  Thus,  a  further  analogy  between  the  two 

materials  would  impiy  that  t  is  on  the  order  of  20  minutes  for 

inc 

ZnSe  for  a  *  9211  and  R  1  inch/hour.  A  proposed  system  limited  to 

this  0,  R  and  t  ,  with  impact  angle  of  35° »  would  then  be  expected 
inc 

to  have  a  maximum  allowable  velocity  in  0.7  mm  diameter  rain  (small 
drop  rain  field)  of  633  MPH. 

It  should  be  emphasized  that  a  firm  basis  for  this  last 
calculation  does  not  yet  exist.  The  large  difference  in  grain  size 
between  ZnS,  ZnSe  and  GaAs  makes  any  analogy  of  their  properties 
speculative.  It  is  possible  though  that  even  ZnSe  could  be  used 
successfully  in  some  applications. 
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